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Adenine nucleotides, transport activity and hypoxic necrosis in the
thick ascending limb of Henle. Thick ascending limb of Henle (TAL)
necrosis in the isolated perfused kidney is an important model of renal
hypoxia, but physiologic and metabolic correlation with this morpho-
logic damage has been inadequate. More precise estimation of TAL
adenine nucleotides in this model was obtained in the present study by
high pressure liquid chromatography analysis of biopsy samples from
the inner stripe of the outer medulla during perfusion. The inner stripe,
which is the zone where TAL are concentrated, showed ATP depletion
and low adenylate energy charge (AEC) early in perfusion prior to the
appearance of TAL necrosis. Free water clearance (CH2O) was used as
an estimate of TAL transport activity; the CH20 observed during 90
minute perfusions was found to be predictive of the extent of TAL
necrosis in each experiment. The results support the idea that there is
significant medullary hypoxia in the isolated perfused kidney and that
TAL solute transport is a determinant of injury in this model. In further
studies, the effects of ouabain (l0- M), furosemide (I0— M) or acidosis
(pH 7.0 rather than the usual pH 7.4) on TAL transport activity and
adenine nucleotide levels were compared. All three maneuvers have
been shown previously to reduce TAL injury in the isolated perfused
kidney. Addition of ouabain or furosemide reduced CH,O and TAL
necrosis in parallel while acidosis had no effect on CH during
perfusion. Both ouabain and furosemide attenuated ATP dep'etion and
resulted in higher AEC while acidosis had no effect on these indices of
cellular hypoxia. Therefore, the mechanism of cytoprotection by aci-
dosis appears distinct from that of ouabain or furosemide. The latter
appear to inhibit TAL transport activity with a consequent reduction of
02 demand and attenuation of medullary hypoxia. In contrast, the
morphologic protection of TAL by acidosis occurs despite transport
activity, medullary ATP depletion and energy imbalance equivalent to
that of control perfusions. Therefore, acidosis appears to exert a direct
effect on the cellular events which lead from established hypoxia to
complete morphologic disruption.
The isolated perfused rat kidney has become an important
model of renal hypoxia. After perfusion with oxygenated media
for 60 or 90 minutes, necrosis is observed selectively in the
thick ascending limb of the loop of Henle (TAL) [1]. An
important feature of the model is the low 02 carrying capacity
of the hemoglobin-free perfusion media [2], and it has been
suggested that the TAL damage results in part from an exacer-
bation of the relatively poor 02 delivery to the medulla which
exists even in normal circumstances in vivo [3, 4]. In addition,
Received for publication August 15, 1988
and in revised form May 24, 1989
Accepted for publication June 2, 1989
1989 by the International Society of Nephrology
it has become apparent that the 02 demand related to transport
work in the TAL is a determinant of injury since maneuvers
designed to minimize TAL transport activity, such as addition
of ouabain or furosemide, are markedly protective [5, 6]. It has
been argued that the dynamics of poor medullary 02 delivery
and the high 02 demand of a functioning TAL brought out in
this model may have important implications for hypoperfusion-
related acute renal failure [7]. Indeed in vivo models of acute
renal failure with selective TAL injury are now emerging [8].
As a model of hypoxic damage the TAL lesion in the isolated
perfused kidney offers some distinct advantages. First, the
endpoint is an overt cellular necrosis with nuclear pyknosis,
swollen mitochondria containing large amorphous electron den-
sities and fragmented cell membranes. Such an endpoint is
more specific for severe injury and even cell death than end-
points such as dye exclusion or enzyme release. A second
advantage is the ability to observe in this model the effect of
hypoxia in the functioning kidney with its normal anatomic
relationships intact. Such study was instrumental in focusing
the importance of transport work in the genesis of renal hypoxia
and the importance of gradients of tissue oxygenation in deter-
mining 02 supply [9]. Finally, the versatility and specificity of
experimental maneuvers is obviously much greater than is
available by study of the intact kidney in vivo.
A major disadvantage of this model, however, has been in
relating physiologic and metabolic changes to the specific
nephron segment showing hypoxic necrosis (that is, TAL). In
previous studies [2, 5, 6, 10] only whole kidney function (GFR,
TRNa, Q 02) has been correlated with TAL necrosis, and the
best attempt to relate adenine nucleotide levels to the lesion
was with measurement of ATP from whole medulla [10]. These
whole medulla samples included papilla and outer stripe of
outer medulla along with the inner stripe of outer medulla where
the TAL are actually concentrated. Because the TAL accounts
for only a fraction of the sodium reabsorption and 02 consump-
tion in the nephron and of ATP content of the medulla as a
whole, only the most general conclusions could be drawn about
function and metabolism in the TAL tubules exposed to the
hypoxic insult. Since the contribution of TAL is diluted in these
measurements the validity of such conclusions relies on the
assumption that TAL responds to protective or injury enhanc-
ing maneuvers in the same way as the kidney as a whole.
Recognition of the functional and metabolic heterogeneity in
the nephron [11] suggests that this assumption may not always
be correct.
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The first goal of the present study then was to develop
approaches to improve on the precision of the functional and
metabolic correlates for the TAL injury in this model. To do
this a method was developed for determining the adenine
nucleotide content of the TAL-enriched inner stripe of outer
medulla during perfusion. In addition, the relationship of free
water clearance, an estimate of TAL transport activity, to the
genesis of the hypoxic lesion was examined.
A second goal of the study was to investigate with these
techniques three maneuvers (addition of ouabain, addition of
furosemide and acidosis) previously shown [5, 121 to be protec-
tive against TAL damage in the isolated perfused kidney. It
seems probable that addition of ouabain or furosemide prevents
TAL hypoxia by decreasing 02 demand through inhibition of
TAL solute transport. The predictions of this idea, that CH,o
during perfusion would be decreased and that energy balance
would be normalized, were examined in the present study. The
mechanism of protection by acidosis, however, is unknown. In
a previous study [12] it was shown that perfusion at pH 7.0
decreased the extent of TAL necrosis with associated decreases
in GFR and sodium reabsorption. In light of this depression of
whole kidney function it seemed reasonable to suggest that the
mechanism of protection of TAL from hypoxic necrosis may be
similar to that by ouabain or furosemide, that is, by limiting
TAL solute transport and 02 demand.
Methods
Male Sprague-Dawley rats weighing 304 to 441 g with free
access to water and standard rat chow were used for all
experiments. Anesthesia was by intraperitoneal injection of
pentobarbital 60 mg/kg.
Isolated perfused kidney
Kidney perfusion was done by the method of Ross et al [131
with minor modifications. After anesthesia, a midline abdomi-
nal incision was made and a polyethylene catheter (PE-lO) was
inserted into the right ureter. A glass cannula was inserted into
the right renal artery via the superior mesenteric artery and
across the aorta. Perfusate was continuously recirculated.
The perfusion media was Krebs-Henseleit bicarbonate buffer
containing bovine serum albumin at 6.7 g per 100 cc. Substrate
was glucose at 5 m and temperature was 37°C. No amino acids
were added to perfusate. Perfusion pressure was 100 mm Hg at
the tip of the cannula. The perfusate was gassed with 95%
02/5% CO2. As previously described [2] the P02 of the media
under these conditions is generally high, but the 02 content
quite low because of the low 0, carrying capacity of the
hemoglobin-free perfusate. Thus, despite the oxygenation of
the media, isolated perfusion of the kidney results in medullary
hypoxia. This was demonstrated convincingly by the finding
that addition of hemoglobin, red blood cells or the artificial 02
carrier oxypherol all attenuated the TAL necrosis consistently
observed after oxygenated perfusion [2].
Clearance periods of 10 minutes each were observed from the
start of perfusion for physiologic determinations. Glomerular
filtration rate (GFR) was estimated from the clearance of
['4C]-inulin. Absolute sodium reabsorption (TRNa) and frac-
tional excretion of sodium (FENa) were calculated from urine
and perfusate sodium concentrations (measured with an Instru-
ment Lab, Inc. #343 flame photometer), urine flow and the
estimated GFR. The perfusate flow was monitored by a pre-
calibrated in-line flowmeter tube with a tantalum float (Thomas
Scientific, Swedesboro, New Jersey, USA). Oxygen consump-
tion (Q 02) was calculated from the arterial-venous difference
in 02 content (calculated from p02 measurements with a
Corning 158 pH/Blood gas analyzer, Medfield, Massachusetts,
USA) and the perfusion flow rate. Free water clearance (CH2O)
was calculated from the urine volume and measurements of
urine and plasma osmolality (Hi Precision Osmometer, Model
3R, Advanced Instruments Inc., Needham, Massachusetts,
USA). All values are expressed per g kidney wet weight as
estimated from the weight of the contralateral kidney.
Morphologic analysis
At the end of the 90 minute perfusion, 1.25% glutaraldehyde
in 0.1 M phosphate buffer pH 7.3 was introduced into the
perfusion arterial line via a three-way stopcock. Perfusion
fixation of the kidney was carried out for7 to 10 minutes. A ito
2 mm thick transverse slice from near the midportion of the
kidney was removed and a 4 x 8 mm section containing cortex,
medulla and papilla was isolated. This section was fixed for an
additional 24 hours in glutaraldehyde and then placed in 0.15 M
phosphate buffer, pH 7.3. The tissue was dehydrated in graded
ethanol then infiltrated and embedded in glycolmethacrylate
[14]. One micron thick sections stained with methylene blue
were used for quantitative morphology. Each TAL tubule
observed in a x40 high power field as it was directed by
mechanical stage through the midportion of the inner stripe was
evaluated for the presence of "fragmentation injury" (nuclear
pyknosis and irregularity of the luminal membrane with focal
denudation of the basement membrane [12]). The data are
expressed as the percentage of TAL tubules with such changes.
The morphologic evaluation was done on coded slides without
knowledge of the experimental conditions.
Adenine nucleotide determinations in renal cortex and inner
stripe of the outer medulla
Biopsy technique. Biopsy was performed either in vivo or
during isolated perfusion of the kidney using a 2 mm bore,
stainless steel hollow cylinder with one sharpened end and the
other end attached to a mouthpiece. A core through the full
thickness of the kidney was obtained through the ventral to
dorsal aspect at approximately the midpoint between the ante-
rior and posterior margins and at approximately 1/3 to 1/2 the
distance from the lateral margin to the hilus (Fig. 1). This core
was then expelled by positive pressure into a glass petri dish
cooled with dry ice where liquid N2 was immediately added.
This procedure is required to avoid the deformation of the linear
core of tissue which occurs when it is blown directly into a
container of liquid N2. The whole procedure requires less than
five seconds. The core was then divided under liquid N2 by
scalpel with hemostats stabilizing the fragments of interest. The
central 1 to 2 mm, which consisted of inner stripe of outer
medulla (if placement of the needle was appropriate), was
removed for adenine nucleotide determination by high-pressure
liquid chromatography (HPLC). A 1 to 2 mm fragment from one
end (cortex) was also removed for adenine nucleotide measure-
ment. Following fixation of the kidney the track of the biopsy
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Renal biopsy core
removed by hollow
sharpened cylinder
and expelled by
positive pressure
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snap frozen
in liquid N2
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Fig. 1. Biopsy method for adenine nucleotide
determination. A linear core was taken
through the full thickness of the kidney with
the needle at a location designed for passage
through the inner stripe of the outer medulla.
The core was divided under liquid N2 to
obtain "cortex" and "inner stripe" samples,
each of which was then analyzed by HPLC
for adenine nucleotide levels.
was visualized (grossly or, if necessary, by histologic section)
to determine if the location was appropriate. The sample was
discarded if the tissue removed for inner stripe ATP determi-
nation could not be ascertained to be from that location or if the
dry weight of the perchloric acid precipitate was less than 0.3
mg. In all, 7 medullary fragments from 50 experiments were lost
to the analysis.
Measurement of adenine nucleotides: Sample preparation.
The small portions of renal tissue (approximately 0.5 mg dry wt)
were stored at —70°C until they were homogenized in cold (4°C)
0.56 N perchloric acid (PCA) and centrifuged at 3,000 rpm 4°C,
10 minutes. The supernatant was neutralized with 4 M K2C03
(10% by volume) and centrifuged. The supernatant was filtered
through a 0.22 M filter and stored at —70°C until assayed. The
pellet was dried 48 hours in an oven at 100°C for dry weight
measurement.
High-pressure liquid chromatography (HPLC). Adenine nu-
cleotides were measured using a modification of the method of
Schweinsberg and Loo [15] with a Beckman model 342 dual
pump HPLC system equipped with a UV detector. (Beckman
Instruments, Fullerton, California, USA). Briefly, ATP, ADP
and AMP were separated with a radial-PAK C18 bondapak
cartridge (10 m particle size, 8 mm x 10 cm, Waters, Assoc.)
using a reversed-phase technique. The two buffers in the mobile
phase gradient each contained 0.06 M K2HPO4 and 0.04 M
KH2PO4, brought to pH 6.0 with phosphoric acid. One buffer
(B) also contained 25% methanol. Nucleotide separations were
accomplished with a 20-minute linear gradient from 0% to 20%
B at a flow rate of 2 mI/mm followed by five minutes of
re-equilibration with 0% B. Sample peaks were identified and
quantitated using peak height at 254 nm by a Hewlett Packard
model 3390A integrator (Hewlett Packard, Elkhart, Indiana,
USA). The relationship of peak height to concentration was
linear from 25 to 3500 pmol of ATP, ADP and AMP standards.
Sample supernatant was measured and if necessary adjusted to
a pH between 6.0 and 7.0 immediately prior to analysis. Results
are expressed as tmol/g dry PCA precipitate weight.
Experimental groups
In vivo controls. The left kidney was biopsied and adenine
nucleotide levels of cortex and inner stripe were determined in
untreated control rats after pentobarbital anesthesia and a
midline abdominal incision.
Control kidney perfusions. Perfusions were carried out under
the conditions described above at pH 7.4 for 90 or 180 minutes
fusions were carried out for 20 mm to biopsy for adenine
nucleotides.
Ouabain perfusions. Perfusions were for 90 or 20 minutes as
in control kidney perfusions but with the addition of l0— M
ouabain to the perfusion media at the beginning of perfusion.
Furosemide perfusions. Perfusions were for 90 or 20 minutes
as in control kidney perfusions but with the addition of l0— M
furosemide to the perfusion media at the beginning of perfusion.
Acidotic perfusions. Perfusions were for 90 or 20 minutes as
in control kidney perfusions with pH titrated to 7.0 by addition
of HC1 at the beginning of perfusion.
Statistical analysis
Difference between groups were presumed significant at P <
0.05 by Student's (-test or Mann-Whitney U test.
Results
Function of the kidney during perfusion
The physiologic function of kidneys during control, ouabain,
furosemide or acidotic perfusion is given in Table 1. Prominent
effects of either ouabain or furosemide were to increase FENa
and urine output. These results are similar to those reported by
Brezis et a! [5]. In addition, ouabain reduced oxygen consump-
tion. The effects of acidosis were similar to those previously
reported from this laboratory [12].
Figure 2 shows the free water clearance during control,
ouabain, furosemide or acidotic perfusions. In control perfu-
sions the maximal absolute CH20 was during the 50 to 70 minute
perfusion interval, after which there was a gradual decline to
very low levels. The addition of either ouabain or furosemide to
the perfusate blunted the increase in CH2O. In the collection
period between 50 and 60 minutes of perfusion, 87% of the CH2O
appears ouabain sensitive and 74% appears furosemide sensi-
tive. Acidosis had no effect on CH2O during perfusion.
Effects of ouabain, furosemide and acidosis on TAL injury in
the isolated perfused kidney
As previously reported [5, 12] ouabain, furosemide and
acidosis each reduced the extent of hypoxic fragmentation
necrosis typically present in the TAL in this model (Table 1).
Ouabain was most effective in reducing TAL necrosis while
furosemide and acidosis showed equivalent cytoprotection. The
protection by acidosis in these 90 minute perfusions was not as
for physiologic and morphologic determinations. Separate per- dramatic as that previously reported for 60 minute experiments
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Table 1. Renal function during isolated perfusion
N GFR Flow TRNa FENa UI0 Q S 02
% TAL
necrosis
Control
Ouabain
Furosemide
Acidosis
11
4
5
8
651 76
585 116
529 56
450 6l
35.8 1.3
29.5 4.8a
36.3 3.0
33.1 2.1
88 10
60 14
65 8
56 8
7 1
27 3
17 l
13 3
73 10
169 34
126 l2
87 20
4.83 0.19
3.45 0.45a
4.59 0.42
4.14 0.48
58 7
4 6
24 7
30 6
Clearance and flow data are reported for the 30 mm collection and 02 data at 40 mm. Control conditions were 6.7 g% albumin in Krebs-Henseleit
buffer with 5 m glucose at pH 7.4 gassed with 95% 02/5% CO2 and perfused at 100 mm Hg pressure, Furosemide was at l0 M and ouabain at
l0 M, Acidosis was pH 7.0 titrated by addition of HCI to perfusate at the onset of perfusion. N refers to number of experiments in each group.
Data are given as the mean SEM. Glomerular filtration rate (GFR) and urine output (U/0) are in l/min/g kidney wet weight. Renal perfusate flow
is in ml/minlg kidney wet weight. Tubular reabsorption of sodium (TRNa) is in Eq/min/g kidney wet weight and fractional excretion sodium (FENa)
is percent. Oxygen consumption (Q 02) is in mol/min/g kidney wet weight. a Statistically significant differences vs. control.
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Fig. 2. Effects of ouabain, furosemide and acidosis on free water
clearance. CH was calculated from urine volumes and U/P Osm at 10
minute intervals during control pH 7.4 perfusion (•), perfusions having
ouabain (A) or furosemide (U) added to the media or perfusions with
media titrated to pH 7.0 by addition of HCI (0). The number of
experiments are as in Table 1 except that two additional controls were
perfused for 180 minutes.
[12], but was significant even in the face of this more prolonged
insult.
Relationship of free-water clearance to TAL injury
The relationship of the CH2O to the extent of TAL necrosis in
each experiment is shown in Figure 3. In control perfusions the
CH20 during perfusion predicted the extent of TAL necrosis
observed at 90 minutes in each experiment. In general, TAL
necrosis was less extensive when the 60 minute collection
showed C20 at 45 d/min/g or less, and was fairly widespread
in experiments where CH20 was greater than 45 1.d/minlg at 60
minutes. Ouabain and furosemide decreased both CH2O and the
TAL injury in parallel. In one instance furosemide (for un-
known reasons) did not have its expected effect on TAL
transport as assessed by free-water clearance, nor did it protect
from TAL necrosis in that experiment.' In acidotic perfusions,
however, the positive correlation between C20 and TAL injury
was not observed. In fact, the protective effect of acidosis
Since the CH20 and % TAL injury in this experiment are both >7
standard deviations from the mean of the otherS furosemide perfusions,
it is not included in the calculations in Figure 2 and Table I.
•
0 20 40 60 80 100
CH2O, //minIg
Fig. 3. Relationship of TAL injury to free water clearance during
perfusion. Each point represents one experiment and indicates the CH2O
calculated at 60 minutes of perfusion and the morphologic injury to
TAL after 90 minutes of perfusion under control conditions at pH 7.4
() or with addition of ouabain (A) or furosemide (U) to the perfusion
media.
against TAL necrosis became most apparent in experiments
with high CH20 (Fig. 4).
Adenine nucleotide levels
The results of HPLC analysis for adenine nucleotides in renal
biopsy specimens from the cortex and inner stripe of the outer
medulla are given in Figure 5. After 20 minutes of control
perfusion there was a 61.5% decline in ATP level in the inner
stripe of the outer medulla compared to in vivo levels. This fall
r = 0.819100-
=
C
-J 50.
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Fig. 4. Effect of pH and CH,o on extent of thick ascending limb of
Henle necrosis. Perfusions were at pH 7.4 (solid bars) or pH 7.0 (open
bars). Note that the protective effect of acidosis was evident only in
those perfusions where free water clearance was greater than 45
pilmin/g kidney. The number of experiments are indicated in circles at
the base of each bar. *Indicates statistically significant difference from
pH 7,4 perfusions at equivalent CH,o level.
in ATP reflected both a decrease in total adenine nucleotides
and a fall in the adenylate energy charge (AEC) [16]. The cortex
showed a 16.5% decrease in AlP content which reflected a
decrease in total adenine nucleotides. The effect of ouabain or
furosemide was to attenuate the ATP depletion and especially
the fall in AEC in the inner stripe of the outer medulla. In
contrast to ouabain and furosemide, acidosis had no effect on
ATP levels or AEC in the medulla. It is curious that furosemide
perfusion induced a large decrease in cortical total adenine
nucleotides compared to all other groups, despite maintenance
of adenylate energy charge and absence of any morphologic
damage in cortex under these conditions. It is also interesting
that all groups of perfused kidneys showed decreased total
adenine nucleotides in the medulla compared to in vivo levels,
including perfusion with ouabain which caused normalization of
AEC and near elimination of significant morphologic damage.
The timing of the biopsies for adenine nucleotides (after 20
mm of perfusion) was chosen to allow for equilibration of
physiologic function, but also to avoid obtaining tissue with
extensive necrosis. Histology of the kidneys fixed immediately
after biopsy showed minimal TAL damage after 20 minutes of
perfusion in all groups.
Discussion
The present study represents an attempt at structural, func-
tional and metabolic correlation in the thick ascending limb of
Henle in the isolated perfused kidney. The TAL has consis-
tently been reported to be a selective target of necrosis after
hemoglobin-free perfusion [1, 2, 12]. To study the relationships
of energy metabolism and solute transport activity to this lesion
a method was developed for estimating TAL adenine nucleotide
levels and the free-water clearance behavior during perfusion
was analyzed. The findings of the study were that ATP deple-
tion in TAL occurs early in perfusion, prior to the appearance
of necrosis, and that the extent of necrosis correlates with the
CH20 during perfusion. These results are consistent with the
idea that the TAL necrosis in this model is due to cellular
hypoxia related to the imbalance of low 02 delivery to the
medulla and continued solute transport in this segment. In
further studies the effects of various cytoprotective maneuvers
on TAL energy metabolism and solute transport were examined
and the results indicate that these techniques can be useful in
the analysis of their mechanisms of action.
The method of estimating TAL adenine nucleotide levels was
based on the fact that TAL tubules are concentrated in the inner
stripe of the outer medulla and constitute the majority of tubule
mass in this region [17]. Furthermore, of all the elements in the
inner stripe (which includes collecting ducts, thin limbs of
Henle, blood vessels and interstitium) the TAL are by far the
most metabolically active and have the highest ATP level [11,
18]. Therefore, a small sample from this zone, obtained by
needle biopsy, was rapidly frozen in liquid nitrogen and the
adenine nucleotides in the sample were analyzed by HPLC. The
adenine nucleotides measured in such a sample would not be
expected to equal the actual content of adenine nucleotides in
TAL epithelial cells because of the dilutional effect of the other
elements in this zone. From the considerations above, how-
ever, it is reasonable to expect that the measured values would
reflect the magnitude and direction of changes in the TAL in the
various experimental protocols. One serious concern in any
attempt to analyze adenine nucleotides is the rapid decay of
ATP into ADP and AMP once the sample is removed [19]. The
adenylate energy charge observed in biopsy samples from
normal kidneys in vivo in this study is comparable to that
reported from other laboratories [20] studying renal tissue, and
these reasonably high values indicate that such decay does not
seriously impact on the results reported here.
The results of adenine nucleotide measurements support the
widely held opinion thdt there is medullary hypoxia in the
isolated perfused kidney. After 20 minutes of perfusion the
adenylate energy charge was markedly depressed in the inner
stripe of the outer medulla. The AEC normally reflects the
precise regulation of adenine nucleotide phosphorylation [21].
When ATP utilization increases or ATP synthesis decreases,
AEC will decrease. Under normal circumstances both the
anaerobic and mitochondrial ATP synthetic processes respond
to normalize the AEC. Since a blunted mitochondrial response
to a low AEC would be expected to occur when there is
inadequate 02 availability, a low AEC could indicate cellular
hypoxia. In the present experiments the finding of low AEC in
the inner stripe after 20 minutes of perfusion corresponded with
the later appearance of TAL necrosis. The AEC remained
normal in the cortex which showed only a small decline in total
adenine nucleotides with perfusion. The maintenance of energy
balance in the cortex correlates with the morphologic integrity
of the proximal convoluted tubule in this model and may be
related to the better oxygenation of this region [3].
The use of free water clearance as an estimate of TAL
transport activity is convenient though not ideal. Some of the
fundamental objections to use of C,0 as a quantitative assess-
memt of TAL active transport are discussed by Jamison and
Kriz [171. They conclude that C20 is probably a reliable
estimate of directional change in overall sodium reabsorption
by the distal nephron, but probably underestimates sodium
reabsorption in the thick ascending limb by a significant
amount. Some of the problems with the use of C,0 for
monitoring TAL transport may be reflected in the pattern
observed over time in control perfusions (Fig. 2). CH,o in-
*
CH2O 5 45 CHo > 45
0
•0
0
'p0
C
5)C
C5)
•0
creased after 20 minutes of perfusion, peaked at 50 to 70
minutes and then fell progressively thereafter. It is probable
that during the first 40 minutes of perfusion there is significant
underestimation of TAL transport activity by this method. In
the isolated perfused kidney in our laboratory, other physio-
logic parameters (GFR, TRNa) indicate peak functional perfor-
mance during the 20 to 30 minute clearance period with decline
thereafter (data not shown). One might suspect that TAL
transport may behave in a similar fashion but that this is
somehow not evident in the measure of CH,o during the first 40
minutes. Furthermore, since we have described significant TAL
necrosis as early as 60 minutes in other experiments [12] it is
possible that the apparent peak in CH20 from 50 to 70 minutes is
in fact only a phase in the decline from an earlier peak of TAL
transport activity which continues over the next 100 minutes of
perfusion as TAL damage becomes more complete. Loss of
residual effects of antidiuretjc hormone [22] and wash-out of the
corticomedullary osmol gradient [231 may result in CH,o being a
more accurate reflection of TAL transport during the later part
of perfusion. A point in favor of the validity of the use of CH,o
as an index for TAL transport at that time is the effect of
furosemide to reduce the 60 minutes value to 26% of that seen
in control perfusion.
Since the object of these experiments was to determine
whether TAL transport work is related to necrosis in that
segment, the possibility of a correlation between the absolute
CH2o (rather than the CHo corrected for GFR) and TAL injury
was examined. In control perfusions the CH20 during perfusion
was predictive of the extent of TAL necrosis (Fig. 3). This
finding is supportive of the idea that transport activity is
important in the genesis of TAL injury in this model.
The effects of ouabain, furosemide and acidosis on TAL
adenine nucleotide content and CH,o during perfusion were
then compared. All three interventions have been previously
proven cytoprotective in this model [5, 12]. The protective
effects of ouabain and furosemide have been attributed to solute
transport inhibition in TAL with the resultant decreased 02
demand limiting cellular hypoxia [5, 6]. The present results are
consistent with this interpretation. Both agents decreased CH,o
during perfusion in parallel with the decreased extent in injury
in TAL and both attenuated ATP depletion and the fall in AEC.
With the possibility that injury in the TAL may be important in
acute renal failure under some circumstances [7, 8], it is
reasonable to propose that preventing an imbalance of 02
supply and demand in the TAL may also be involved in the
reported protective effects of ouabain [24] and furosemide [25]
in other models. Admittedly, protection by these agents has not
been consistently observed and other possible mechanism of
their effects must be considered [26, 27].
There was good reason to suspect that cytoprotection by
acidosis might also result from solute transport inhibition in
TAL. As an isolated enzyme the Na,K-ATPase shows pH
dependent activity [28]. Furthermore, Na,K-ATPase dependent
transport has been shown to be inhibited by acidosis in rabbit
bladder cells [29] and several nephron segments including TAL
[30]. Finally, depression of whole kidney Na transport was
found associated with morphologic protection of TAL by aci-
dosis in the isolated perfused kidney [12].
The present study, however, is not supportive of the idea that
acidosis protects against TAL necrosis by inhibition of TAL
transport activity. In contrast to both furosemide (which dem-
onstrated approximately equivalent cytoprotection) and oua-
bain, acidosis did not decrease CH,o during perfusion nor
improve the energy balance in the cell. Thus, in contrast to the
effect of ouabain or furosemide of preventing severe TAL
hypoxia, acidosis appears to interfere with the cellular mecha-
nisms which translate such hypoxia into marked morphologic
disruption. The failure of acidosis to improve ATP levels or
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Fig. 5. Adenine nucleotide content in the isolated perfused kidney, Biopsies of cortex and inner stripe of the outer medulla taken from untreated
kidneys in vivo or after 20 minutes of perfusion under various conditions were analyzed by HPLC for ATP, ADP and AMP content. ATP levels
are indicated by solid bars and total adenine nucleotide levels [TAN = ATP + ADP + AMPI by the height of the open bars. The adenine nucleotide
levels are given in .LM/g PCA precipitable dry wt. The adenylate energy charge EAEC = (ATP + 0.5 ADP)/TAN is indicated for each condition
below the bar graph. All values are mean SEM. For each parameter (that is, total adenine nucleotides, ATP level and adenylate energy charge)
the groups were compared separately for cortex and medulla and groups which are statistically not different are identified by the same letter, while
those statistically different are identified by different letters (for example, A, B or C for comparison of total adenine nucleotides in the cortex, D,
E or F for comparison of ATP in the cortex, etc.). The numbers in circles at the base of each bar refer to the number of experiments.
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AEC in the TAL during perfusion is in consonance with studies
in isolated hepatocytes [31] and in isolated rabbit kidney
proximal tubules [32] which showed similar ATP depletion
during 02 deprivation at physiologic or low pH, though cellular
injury (assessed by vital dye uptake, LDH release, cellular K
content, respiration in response to succinate, recovery of ATP
and recovery of normal cellular Ca content) was reduced at
the lower pH. These studies and the present one seem at odds
with the study by Pentilla and Trump with Ehrlich ascites tumor
cells [33] which showed that the rate of ATP depletion as well
as of vital dye uptake and intracellular K loss during anoxia is
pH dependent. These results also conflict with the concept of
Rouslin that acidosis may delay ATP depletion by preventing
ATP hydrolysis by the oligomycin sensitive ATPase [34].
The mechanism of cytoprotection by acidosis thus remains
speculative though a number of potentially relevant cellular
effects of low pH have been discussed by others. Acidosis
stabilizes the plasma membrane against mechanical disruption
[35], perhaps via increased lipid interactions through intermo-
lecular hydrogen bonding [36]. It is possible that such interac-
tions make plasma membranes more resistent to disruption by
hypoxic damage as well. Ionic fluxes across the plasma mem-
brane may also be involved in the pathogenesis of hypoxic
damage and these, especially Ca may be markedly affected
by pH. In normoxic cells, acidosis decreases steady-state Ca
flux and decreases cellular Ca content [37]. A decreased
uptake of Ca has also been noted with protection from
hypoxic injury by acidosis [31, 32]. These results are correla-
tional, however, and given the large electrochemical gradient
for Ca influx it would be expected that cytoprotection by any
mechanism would be associated with decreased Ca uptake.
One of the commonly suggested mechanisms by which Ca +
might participate in hypoxic injury, activation of phospholi-
pases, could also be affected by acidosis since these enzymes
generally have alkaline pH optima [38]. Finally, in keeping with
Hochachka's contention that metabolic arrest is one of the most
effective strategies against hypoxia [39], it is noteworthy that
acidosis is reported to depress both glycolysis [40] and mito-
chondrial activity [41]. Such would be in keeping with the
failure by acidosis to normalize energy balance in hypoxia as
reported in this paper.
In summary, the present study extends the methodology
available for analyzing the TAL in the isolated perfused kidney
to include estimation of adenine nucleotide content. In addition,
data are presented which support the ideas first, that there is
selective medullary hypoxia in the perfused kidney and second,
that transport activity contributes importantly to the TAL
damage in this model. Finally, in comparing cytoprotective
maneuvers in this model, the evidence indicates two distinct
types of effect: ouabain and furosemide act by preventing
hypoxia by inhibiting transport activity, while acidosis inhibits
or delays the cellular events leading to severe morphologic
damage after hypoxia is established.
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